Abstract
Solar radiation (Rs) is an essential input for estimating reference crop evapotranspiration, ETo. An accurate estimate of ETo is the first step involved in determining water demand of field crops. The objective of this study was to assess the accuracy of fifteen empirical solar radiations (Rs) models and determine its effects on ETo estimates for three sites in humid tropical environment (Abakaliki, Nsukka, and Awka) . Meteorological data from the archives of NASA (from 1983 to 2005) was used to derive empirical constants (calibration) for the different models at each location while data from 2006 to 2015 was used for validation. The results showed an overall improvement when comparing measured Rs with Rs determined using original constants and Rs using the new constants. After calibration, the Swartman-Ogunlade (R 2 = 0.97) and Chen 2 models (RMSE = 0.665 MJ•m -2 •day -1 ) performed best while Chen 1 (R 2 = 0.66) and Bristow-Campbell models (RMSE = 
INTRODUCTION
Solar energy (radiation) is the primary source of energy on earth and a major driver of the hydrological cycle (evaporation, transpiration, evapotranspiration etc.), photosynthesis, photo voltaic cells, and solar energy systems. Evapotranspiration, ET, is an integrated process of evaporation and transpiration that describes water loss through the soil and plant's stomata openings in leaves and stem. The process of ET is simultaneous and combined, thus it is difficult to separate [ALLEN et al. 1998 ]. Determination of the crop evapotranspiration (ETc) is usually preceded by calculating the reference evapotranspiration [LÓPEZ-URREA et al. 2006] . The term "reference evapotranspiration (ETo) as defined by ALLEN et al. [1998] refers to evapotranspiration rate from a well-watered hypothetical grass surface of 0.12 m in crop height, albedo of 0.23 and surface resistance of 70 s m -1 ". ETo is important in determining crop and irrigation water requirement of crops [ALLEN et al. 1998; VOZHEHOVA et al. 2018 ], ecological and climate change studies [NISTOR et al. 2017] , hydrological modeling [SCHNEIDER et al. 2007] , irrigation scheduling and irrigation design and implementation [SENTELHAS et al. 2010] . Solar radiation (Rs) is an important parameter in computing ETo together with other meteorological parameters like wind speed, temperature and relative humidity. Studies have shown strong correlation between solar radiation and ETo KOSA 2011; KOUDAHE et al. 2018; MARTEL et al. 2018] . This shows that solar radiation is a dominant factor controlling the evapotranspiration process in these regions. Despite its importance, Rs data are low when compared with precipitation or temperature data [THORNTON, RUNNING 1999] . Across the globe, temporal and spatial Rs data are scarce because measuring instruments (pyranometers) are costly, time consuming, and requires regular maintenance and calibration [LIU et al. 2009; WU et al. 2017] . Even measured Rs data are prone to inconsistencies caused by wind drift [WANG et al. 2015] .
The FAO Penman-Monteith (FAO-PM) equation is the recommended method for estimating ETo [ALLEN et al. 1998 ]. Despite its accuracy and robustness, the FAO-PM method suffers constraint in application due to absence of weather data. The situation is worse in developing countries. In Nigeria, observation stations are poorly and sparsely distributed. Nigeria has about 40 sparsely distributed weather observations managed by NIMET (Nigerian Meteorological Agency) but only few measure Rs [ADA-RAMOLA 2012; OGOLO 2014] . To overcome this problem, empirical Rs models have been developed as alternative. Some of these models make use of readily available meteorological data like temperature to estimate Rs. A review of literature shows that there are so many empirical Rs equations developed for different regions in the world including Nigeria [ADARAMOLA 2012; AKPABIO et al. 2005; AKPABIO, ETUK 2003; BESHARAT et al. 2013; OKUNDA-MIYA et al. 2016] . A major limitation of Rs models is that they are area specific. Thus, it is necessary to assess the performance of empirical Rs models before application in a location where it was not previously developed. Studies have shown that local calibration of empirical constants improved Rs estimate [DE MEDEIROS et al. 2017; ESTEVEZ et al. 2012; ZHANG et al. 2018] . For example, WU et al. [2017] calibrated the Angstrom-Prescott-Page Rs model across five stations in China. Some studies have further evaluated the impacts of different Rs models on ETo estimates [XU et al. 2008] . TABARI et al. [2016] calibrated twelve Rs models for estimating ETo under arid and semiarid conditions in Iran. They found an improvement of estimates after calibration. Similarly, MOUSAVI et al. [2015] calibrated the Angstom-Prescott-Page Rs model for ETo estimate in Iran. ALADENOLA, MADRAMOOTOO [2014] studied nine Rs models for estimating ETo across Canada. Their results showed reduction of errors in ETo estimates with the new empirical constants.
However, there has not been any assessment of Rs and its effects on ETo estimate in Nigeria (south east) found in literature. The south eastern part of Nigeria is traditionally known to engage in agricultural activities, although in small holdings. The region is known for cultivation of cash and tree crops like oil palm, yam, kolanuts, cassava, vegetables, etc. So therefore, the objective of this study is to evaluate the performance of fifteen solar radiation models (Hargreaves-Samani, Bristow-Campbell, SwartmanOgunlade, Chen 1, El-Sebaii, Almorox and Hontoria, Ogelman, Dogniaux and Lemoine, Glower and McCulloch model, Elagib and Mansell, Chen 2, Adeala, Hassan, Angstrom-Prescott-Page, and Ezekwe and Ezeifo) and determine its effects on ETo estimates in Abakaliki, Nsukka and Awka using the FAO-PM equation. The selected towns are within the south east agro-ecological zone of Nigeria particularly known for growing crops like Nsukka yellow pepper and Abakaliki rice. The results of this study will help in water resources management, planning and irrigation system design for the region.
METHODS

STUDY AREA
The study area falls within the south east geopolitical zone of Nigeria. Three major towns comprising of Nsukka (Enugu state), Abakaliki (Ebonyi) and Awka (Anambra state) were studied. The region is within the humid tropical region which is characterized by two seasons. The wet season usually starts from April to October and dry season runs from November to March. As characteristic of the dry season, water is limited, and evapotranspiration rates are 50% higher than during the wet season [GOBIN 2000] . Nsukka is native to the Nsukka hot yellow pepper (Capsicum annuum L.), commonly called 'ose nsukka' in local parlance and known for its unique flavor, quality and colour [ONWUBUYA et al. 2009 ]. The Abakaliki rice (Oryza sativa) is one of the characteristics Ebonyi state is known for. Historically, they are well known rice farmers growing different varieties of rice species. Anambra state also grow Abakaliki rice [EGBODION, AHAMDU 2015] . Dry season farming provides an economic advantage in the region because agricultural produce command high prices, hence more profit for the farmers. Thus, accurate estimates of ETo is therefore very important in the region for optimizing irrigation in order to have a guaranteed cropping season.
METEOROLOGICAL DATA
Daily weather data (solar radiation, minimum temperature, maximum temperature, relative humidity and wind speed) as summarized in Table 1 , was obtained from the archives of NASA (National Aeronautics Space Administration) Prediction of Worldwide Energy Resource, POWER (https://power.larc.nasa.gov/) for a 32-year period (July 1983 -December 2015 . Similar studies [ADARAMO-LA 2012; CHINEKE 2008; EGEONU et al. 2015; OKUNDA-MIYA et al. 2016] have adopted this method. The data was further checked for error, quality assessment, inconsistencies and missing data as recommended by World Meteorological Organization [WMO 1987] and ALLEN [1996] . NASA POWER datasets are from satellite observations that provides reliable time series solar and meteorology data in space and time, especially for areas where instruments are limited or not available [NASA 2016] .
EMPIRICAL SOLAR RADIATION (Rs) MODELS
Empirical Rs models are broadly classified into sunshine-based, cloud-based, temperature-based, relative humidity-based, precipitation-based models and hybrid parameters-based models [BESHARAT et al. 2013; NWOKOLO 2017] . This classification is based on the relationship between solar radiation and weather parameters. Fifteen solar radiation models were evaluated in this study. They include seven sunshine-based models (Almorox and Hontoria, Ogelman, Dogniaux and Lemoine, Glower and McCulloch •day -1 ), n is sunshine hours, N is day light hours, T min and T max minimum and maximum temperature respectively, RH is relative humidity (%), P is precipitation (mm), T ave is average temperature (°C), ΔT is difference between minimum and maximum temperature, is latitude, a, b, c, d, e are regression coefficients.
FAO-PM EVAPOTRANSPIRATION EQUATION, ETo
As stated earlier, the FAO-PM equation is the standard equation for determining reference crop evapotranspiration and was used for estimating ETo in this study. It is expressed as ).
STATISTICAL ANALYSIS
Goodness of fit was assessed by qualitative and statistical test. Qualitative assessment involves a graphical plot of empirical versus measured data to show trend. Statistical tests such as coefficient of determination (R 2 ), root mean square error (RMSE), mean bias error (MBE), mean absolute error (MAE) and mean percent error (MPE) were also used for assessment. R 2 is used to express relationship between observed and predicted values. R 2 ranges from 0 to 1. An R 2 = 1 represents an optimal model. Generally, R 2 > 0.5 is acceptable [MORIASI et al. 2007] . It is given as:
RMSE is a measure of how dispersed prediction errors are on the regression line. Lower RMSE values is an indication of high model performance. It is calculated as: ∑ MBE is used to indicate over prediction or under prediction of a model. It is given as:
Where: is observed data, is the predicted data by empirical model, is the mean of observed measured data, n is the total number of observed data points. Low values of MBE, MAE and MPE are indications of good model performance MORIASI et al. 2007; NDULUE et al. 2018] .
The meteorological data were further checked for error, quality assessment, inconsistencies and missing data were excluded as recommended by WMO [1987] and AL-LEN [1996] . After excluding missing data, total number of observations, n were subjected to analysis. With this, monthly averages for the 32 years was determined.
RESULTS AND DISCUSSIONS CLIMATIC ANALYSIS
The climatic condition of the study area is summarized in Table 1 . Peak solar radiation was observed between December to February while lowest solar radiation was between June to August across all the three sites. This corresponds to dry and wet season in the region. Mean monthly for Abakaliki, Nsukka and Awka stations respectively. The poor performance of Hassan and Bristow-Campbell models is likely because they require single parameter (temperature) as the only model input to predict Rs. This is also in line with OKUNDAMIYA et al. [2016] who that reported that hybrid-model perform better than single based parameter. Despite being a hybrid model, the El-Sebaii model did not yield satisfactory results. This is because the El-Sebaii model was developed using weather data of Saudi Arabia, which is very different from the climate of the study area.
Overall, model performance was poor for most models and was improved by determination of location specific constants for each of the empirical solar radiation model.
DETERMINATION OF EMPIRICAL Rs CONSTANTS
The data was divided into two groups. The first subdata was used for determining regression coefficients while the second sub-data set (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) was used for validation of the calibrated equations. This was done by the principle of least squares method. Least square method minimizes the sum of squared deviations (residuals) from the regression line. Applying this method, new regression coefficients were derived for the different solar radiation models. Statistical test for each model is shown in Table 3 . For example, the derived coefficient for the Hargreaves-Samani model was found to be 0.1939, 0.1989 and 0.1921 for Nsukka, Abakaliki and Awka respectively Table 3 . The statistical tests also showed a significantly improvements of each of the Rs models (Fig. 1) . •day -1 , and 0.33 to 1.46 MJ•m -2 •day -1 for Nsukka, Abakaliki and Awka respectively while MPE ranged from -3.49 to 1.83%, -7.26 to -0.39% and -5.57 to 4.02% for Nsukka, Abakaliki and Awka respectively. Across all sites, there was tremendous improvement in model performance with the new constants. For example, RMSE decreased ranging from 32.9 to 88.9%, 32.4 to 91.8% and 26.4 to 91.74% at Nsukka, Abakaliki and Awka stations respectively. Similar decrease was also observed for other statistical indices as shown in Figure 1 .
PERFORMANCE OF ETo CALCULATED FROM Rs ESTIMATES
ETo was calculated using the FAO-PM equation. ETo estimates computed using measured Rs was compared with ETo estimated using calibrated empirical Rs models. The temporal variation of ETo computed using both methods is shown in Figure 2 . It is observed that there was a close match between ETo determined using measured Rs and ETo estimated by the calibrated Rs models. The variation of ETo across the months is similar to the climate of the region. That is, maximum ETo estimates were observed during the dry season (November-March) and minimum ETo estimates were observed during the wet season (April-October). The ETo trend observed in this study agrees with the report of ECHIEGU et al. [2016] , ADEKUN-LE et al. [2017], and DAVIES [1966] . It also agrees in trend but disagree in magnitude with ADEBOYE et al. [2009] and EJIEJI [2011] .
A maximum ETo of 4.18 and 4.3 mm•day -1 was obtained using measured Rs and empirical Rs for Awka station. For Abakaliki, maximum ETo of 4.4 and 4.3 mm•day -1 was obtained using measured Rs and empirical Rs while a maximum ETo of 4.2 and 4.3 mm•day -1 was obtained using measured Rs and empirical Rs for Nsukka station. The results agree with the work of ECHIEGU et al. [2016] and ADEKUNLE et al. [2017] . ECHIEGU et al. [2016] and ADEKUNLE et al. [2017] reported a maximum ETo of 4.67 and 4.03 mm•day -1 for Enugu and Umudike respectively. These areas are within the same agro-ecological zone as our study area.
Furthermore, statistical analysis of each model is analysed and presented in Table 4 using RMSE, MBE, MAE and MPE. As seen, the mean error analysis varied from Table 1; source: own study Explanations: models numbers as in Table 1 
CONCLUSIONS
In this study, the performance of fifteen empirical solar radiation models and their impacts on ETo estimates using the Penman-Monteith (PM-56) equation in three sites in a humid tropical environment was evaluated. The results showed poor Rs estimates using original constant with high RMSE for most models. •day -1 ) yielded the best solar radiation estimate in Awka. The calibrated Rs models was then used to estimate ETo. Results showed that the calibrated models produced lesser deviations than the Rs estimates. In general, RMSE < 0.6 and R 2 > 0.7 was observed for all the models at all sites. Specifically, the Adeala and SwartmanOgunlade models yielded the best ETo estimate at Awka, Chen 2 and Swartman-Ogunlade models performed best at Abakaliki while Angstrom-Prescott-Page, El-Sebaii, Swartman-Ogunlade and Adeala models performed best for Nsukka. The results of the calibrated models showed that simple temperature models like Hagreaves-Samani can give a reasonable and accurate Rs and ETo estimate. Our study harnessed the availability of remotely sensed data from NASA archives. It is also important that studies compare our results with weather stations. The findings of this study can be used as a platform in the South-East region of Nigeria, for irrigation planning, design and management. Słowa kluczowe: ewapotranspiracja potencjalna, kalibracja, ocena, promieniowanie słoneczne
